Abstract The objective of the study is to report a rare case of pancreatic neuroendocrine tumor (pNET) producing insulin and vasopressin. We describe the clinical presentation and management of a metastatic pNET with refractory hypoglycemia and progressive severe hyponatremia. A 52-year-old patient had abdominal pain leading to the diagnosis of a tumor that was initially presumed to be splenic in origin. Investigations ultimately identified a pancreatic mass that on biopsy proved to be a pNET. Eventually, he developed extensive liver metastases, and with tumor progression, he manifested hypoglycemia and severe hyponatremia. He was managed with multiple therapies including somatostatin analogue, peptide-receptor-radionuclide-therapy (PRRT), diazoxide, and everolimus; none of these therapeutic modalities was successful in controlling functional and structural progression of the tumor. Ultimately, the pNET proved fatal and autopsy confirmed widely metastatic disease that stained strongly and diffusely for vasopressin, a feature not seen in the previous liver biopsy. This case illustrates the challenges of diagnosis and management of aggressive insulin-producing pNETs and highlights the potential concomitant ectopic production of vasopressin leading to refractory hyponatremia.
Introduction
Insulin-producing pancreatic neuroendocrine tumors (pNETs) are relatively rare, with an estimated incidence of approximately 1-3 per million per year. Only 10% of these tumors are thought to follow a malignant course [1] . The paraneoplastic syndrome secondary to ectopic vasopressin production by tumor cells, known as the syndrome of inappropriate ADH (SIADH), is most commonly associated with lung tumors, usually small-cell carcinomas that are aggressive poorly differentiated neuroendocrine malignancies [2] . Under the broad umbrella of neuroendocrine tumors (NETs), olfactory neuroblastomas and gastrointestinal NETs have occasionally been reported to give rise to SIADH [3, 4] . In rare cases, embolization of a NET has been associated with ectopic vasopressin leading to SIADH [5] . To our knowledge, combined insulin and ectopic vasopressin production by a pNET has not been previously reported.
We report an unusual case of a malignant pNET which, with disease progression, acquired the ability to secrete insulin in excess and to ectopically produce vasopressin resulting in the SIDAH.
Case Presentation
A 52-year-old man presented with intermittent abdominal pain. He maintained normal appetite, weight, and physical activity. Family history was negative for endocrine neoplasia. Abdominal and systemic examinations were normal. Biochemistry reveled hyperbilirubinemia, iron deficiency anemia, and thrombocytopenia. Other blood tests including fasting blood sugar, serum electrolytes, and chromogranin A were normal. Because of the anemia, upper and lower gastrointestinal endoscopies were performed but revealed no pathologies. However, unresolved abdominal pain prompted abdominal ultrasound and computed tomographic (CT) scanning of the abdomen that demonstrated a suspicious mass in the splenic hilum associated with splenomegaly and thrombosis of the portal, superior mesenteric and splenic veins. Anticoagulant therapy was commenced. Surgical resection was deemed not feasible.
On follow-up 1 year later, serum chromogranin A had increased to 161 μg/L (normal <50 μg/L); glucose was normal at 6.5 mmol/L and he had a normal 24-h urinary 5HIAA level of 26 μmol/day ( Fig. 1a; upper) . Initial serum sodium level was 140 mmol/l. A few months later, he had mild hyponatremia (serum sodium of 132 mmol/l, normal 135-145). Endocrine causes of hyponatremia including adrenal insufficiency and hypothyroidism were ruled out. Hyponatremia corrected without specific intervention ( Fig.  1a ; middle). Abdominal CT imaging showed increase in size of the pancreatic/splenic mass to 7.6 cm ( Fig. 1a ; lower). This mass was avid on FDG PET scanning. Core biopsy confirmed a NET (Fig. 2a, b) with positivity for chromogranin A (Fig. 2c ) and synaptophysin; it was consistent with pancreatic origin, as assessed by expression of low molecular weight keratin (LMWK), CK19 and CK20, while being negative for CK7, TTF-1, and CDX2. It was a Grade 1 lesion, with a mitotic count of two per ten high-power fields (HPFs) and Ki-67 index of approximately 1%. Importantly, this pancreatic NET (pNET) showed diffuse expression of pancreatic polypeptide (Fig. 2d) and focal staining for insulin (Fig. 2e) ; it was negative for glucagon, somatostatin, PYY, and VIP. All of these immunohistochemical tests performed in the clinical laboratory had appropriate positive and negative controls. Octreotide scanning showed avid disease in the pancreas and spleen. The disease was again deemed to be non-operable due to major blood vessel invasion.
One year later, disease progression with liver metastasis necessitated pancreatic duct stenting and the initiation of octreotide-LAR therapy ( Fig. 1b; lower) . Two years later, continued disease progression led to the administration of four Twenty months following PRRT completion, he started to experience hypoglycemia for the first time. Exogenous antidiabetic medications were discontinued. Nevertheless, he continued to experience hypoglycemia with documented blood glucose of 1.8 mmol/l (normal 3.8-6.0) accompanied by inappropriately elevated pro-insulin of 290 pmol/l (normal <18.8), insulin of 249 pmol/l (normal 13-143), and Cpeptide of 1195 pmol/l (normal 370-1470). Serum chromogranin A level increased to 3900 μg/L. These hypoglycemic episodes were refractory to intravenous dextrose and dexamethasone. He required prolonged and frequent hospital admissions. Combination therapy with diazoxide at an average dose of 600 mg/day and the mTOR inhibitor everolimus of 10 mg/day were effective in maintaining blood sugars to a level of 4 mmol/l ( Fig. 1b; upper) . However, 4 weeks after initiation of this combination therapy, he developed generalized edema and hyponatremia with serum sodium of 129 mmol/l (135-145 mmol/l). While serum osmolality was 250 mOsm/kg, urine osmolality was 140 mOsm/kg consistent with inappropriate antidiuretic hormone (SIADH) ( Fig. 1b;  middle) . Unfortunately, this hyponatremia was not responsive to fluid restriction and furosemide. Diazoxide was considered as a potential cause of this worsening hyponatremia, so the daily dose was reduced to 100 mg. Nevertheless, hypoglycemic control worsened with intermittent episodes of blood glucose levels of 3.5 mmol/l. Serum chromogranin A level increased to 15,600 μg/L ( Fig. 1c; upper) . Diazoxide was held, but in spite of gradual resolution of volume overload and normalization of blood glucose, the hyponatremia worsened reaching 119 mmol/l ( Fig. 1c; middle) . His mental status and overall performance status deteriorated. Structural imaging revealed continued rapid disease progression ( Fig. 1c;  lower) . The patient and his family chose to discontinue aggressive management and he succumbed to the disease nearly 9 years after initial diagnosis.
Autopsy performed 7-h post mortem confirmed a disseminated NET involving the pancreas, liver, spleen, and retroperitoneal tissues. As with the previous biopsy, and using similar protocols in the clinical laboratory, the NET showed expression of chromogranin, synaptophysin, LMWK and CK19, and focal insulin, consistent with the previous biopsy (Fig. 2e) ; however, unlike the previous biopsy, it was negative for PP, indicating loss of this differentiated function. It was also negative for glucagon, somatostatin, PYY, gastrin, serotonin, CCK, VIP, and TTF-1. In contrast to the previous lesion, however, the recurrent disease was much more proliferative, as judged by mitotic count of five per 10 HPFs (using phospho-histone H3 staining) and Ki-67 index of 3.5%, therefore, was classified as Grade 2. Given the clinical history of SIADH, staining for vasopressin was performed on both the autopsy sample and the initial tissue biopsy using the same protocol (antibody T-4563, Peninsula 1:300 for 1 h after citrate pretreatment). The autopsy lesion was diffusely positive for vasopressin (Fig. 2f) , whereas the initial tissue biopsy was negative for vasopressin.
Discussion
We report an unusual case of a pNET with multiple atypical features of interest. Our patient presented with a splenic mass. This is known to be a confounding feature of pNETs and underscores the importance of continued investigation in establishing the correct diagnosis of a patient with an abdominal mass [6] .
Our patient had a tumor producing insulin that was initially clinically non-functioning but ultimately produced clinical features of insulin excess. Endogenous hyperinsulinism usually presents as Whipple's triad. Other uncommon insulinoma presentations include post prandial hypoglycemia, behavioral abnormalities, and refractory seizures [7] . Almost all insulinoma patients present with fasting hypoglycemia, with inappropriately elevated pro-insulin, Cpeptide and insulin [1] . However, a normal insulin and Cpeptide level does not exclude the diagnosis of an insulinoma, since there are tumors that secrete proinsulin and have normal insulin levels due to the limitations of new, highly specific insulin assays that do not detect proinsulin [8] [9] [10] . Our patient had an unusual initial presentation with no hormone excess and normal biochemical markers, consistent with a clinically non-functioning pNET. In a very unusual clinical manifestation, the tumor, which was focally immunoreactive for insulin on pathology, spontaneously produced clinical features of insulinoma with disease progression years after presentation [11] .
Gene expression of insulin is now a well-understood phenomenon that relies on both pancreatic islet-restricted (including PDX-1) and ubiquitous (including CREB) transcription factors [12] . In insulin-producing pNETs, the physiologic regulation of insulin gene expression becomes dysregulated. The loss of menin (gene product of the MEN1 gene), promotes insulin gene promoter activity, as well as contributing to tumorigenesis [13, 14] . In sporadic cases, recurrent somatic T372R mutations in the transcription factor YY1 have been found in 30% of insulin-producing pNETs [15] , but the exact mechanism as to how the YY1 T372R mutation contributes to insulin production remains unclear. Only 10% of insulinomas have metastatic behavior, usually associated with primary tumor size larger than 3 cm.
Surgical management is the gold standard therapy for functional insulinomas, which tend to present when small and surgically resectable. However, resection may not be an option for large pNETs, especially with vascular invasion [1] . When a lesion cannot be resected, blood glucose management of diabetic patients harboring an underlying insulin-producing pNET can be challenging, since neoplastic secretion of insulin and its precursors may be variable. Our patient was found to have elevated levels of proinsulin, insulin and C-peptide during episodes of hypoglycemia. This was documented well after he had been off his antidiabetic medications. Diazoxide has been the traditional agent for managing symptomatic hypoglycemia in patients with inoperable insulinoma. More recently, the mTOR inhibitor everolimus has been approved for treatment of pNETs regardless of their hormone functionality. Zhan et al. reported elevated p-mTOR levels in insulinoma compared to normal pancreatic tissue and reported significant reduction in insulin levels and increase in apoptosis in all in vitro insulinomas treated with the mTOR inhibitor rapamycin or the dual PI3K/mTOR inhibitor NVP-BEZ235 [16] .
Hyponatremia associated with SIADH is most often associated with small-cell lung cancer (SCLC). Other tumors that have been associated with ectopic vasopressin production include ovarian, lung, breast, and prostate cancer [17, 18] . Arginine vasopressin (AVP) receptors have been reported to be expressed in other endocrine tumors such as pituitary and adrenal cortisol-producing tumors [19] . The mechanism of ectopic vasopressin expression in pNETs remains largely unknown. The interesting observation from our case is the transition in hormone expression during the course of pNET tumor progression. We hypothesize at least two mechanisms underlying this phenomenon. While a number of common transcription factors play a role in modulating the expression of both insulin and vasopressin, notably CREB, epigenetic modulation is another important shared mechanism for their expression, and a number of microRNAs have been implicated in modulating both insulin and vasopressin expression [20] . In mice, pancreatic acinar cells can be directly converted to insulin-producing beta-cells by combined actions of three transcription factors, namely PDX-1, along with Neurog3 and MafA. In a similar manner, pNET cells may undergo transcriptional reprogramming that result in altered expression profiles of transcription factors. Pancreatic NETs are also epigenetically dysregulated tumors, with the most frequently mutated genes in pNETs being those that function in chromatin remodeling, including MEN1, DAXX, and ATRX [21] . Further dysregulation in the epigenome of NETs may have resulted in and/or contributed to both tumor progression and altered hormone switching during the transition.
In other solid tumors, hyponatremia is a negative prognostic feature associated with shorter survival duration [2] . However, there is a misconception that AVP is the main underlying cause of hyponatremia in this setting. AVP itself may not be sufficient to cause hyponatremia in the absence of increased total body water and a defect in the ability to dilute urine and excrete free water. The osmoregulatory defect in malignancy is characterized by significant elevations in plasma AVP that fluctuate widely, irrespective of the increases in plasma osmolality or sodium produced by hypertonic saline infusion [22] . Nevertheless, it is clear that some malignancies can secrete AVP in excess. Key et al. described elevated plasma AVP concentrations in patients with pheochromocytoma [22] . Periodic production of ectopic AVP by a NET may explain the substantial and slow decline of serum sodium levels as in our patient.
Neurological symptoms including cerebral edema may be the earliest sign of acute hyponatremia. Adaptive mechanisms of the brain to limit cerebral edema by extruding sodium, potassium salts and then organic solutes as glutamate, myoinositol could explain the asymptomatic compensation for chronic hyponatremia [23] . Fluid restriction as an initial treatment may be effective to correct hyponatremia, however rigorous interventions such as hypertonic saline are eventually required. Clinical use of Vasopressin receptor 2 antagonists have been evaluated in this clinical setting. Tolvaptan and Conivaptan have been approved by the European Medicines Agency and FDA for hyponatremia treatment in hypervolemic or euvolemic hyponatremia. Tolvaptan has been evaluated in the Ascending Levels of Tolvaptan in Hyponatremia (SALT) trial at doses of 15-60 mg/day for 4-30 days. Effectiveness was demonstrated by increases in serum sodium level within 24 h after administration with limited major side effects. Importantly, there was no need for fluid restriction [24] . Intriguingly, AVP receptor agonists have been reported to diminish neuroendocrine tumor expression and growth of human lung and prostate tumor cell lines [18] . Taken together, these findings raise the question of whether ectopic AVP expression may reflect a compensatory response to NET tumor progression.
In summary, our case is unique in multiple ways: our patient presented with a pNET that mimicked a splenic lesion. He initially had a clinically nonfunctioning tumor that with tumor progression, started to produce insulin years after his initial presentation. He was diabetic, creating additional complexities in the management of an unresectable source of insulin-excess. Ectopic AVP production with hyponatremia coincided with tumor progression. Systematic prospective examination of SIADH in NET disease progression should clarify the true frequency of this intriguing phenomenon.
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